The impact of states at the insulator/AlGaN interface on the capacitance-voltage ͑C-V͒ characteristics of a metal/insulator/AlGaN/GaN heterostructure ͑MISH͒ capacitor was examined using a numerical solver of a Poisson equation and taking into account the electron emission rate from the interface states. A parallel shift of the theoretical C-V curves, instead of the typical change in their slope, was found for a MISH device with a 25-nm-thick AlGaN layer when the SiN x / AlGaN interface state density D it ͑E͒ was increased. We attribute this behavior to the position of the Fermi level at the SiN x / AlGaN interface below the AlGaN valence band maximum when the gate bias is near the threshold voltage and to the insensitivity of the deep interface traps to the gate voltage due to a low emission rate. A typical stretch out of the theoretical C-V curve was obtained only for a MISH structure with a very thin AlGaN layer at 300°C. We analyzed the experimental C-V characteristics from a SiN x / Al 2 O 3 / AlGaN/ GaN structure measured at room temperature and 300°C, and extracted a part of D it ͑E͒. The relatively low D it ͑ϳ10 11 eV −1 cm −2 ͒ in the upper bandgap indicates that the SiN x / Al 2 O 3 bilayer is applicable as a gate insulator and as an AlGaN surface passivant in high-temperature, high-power AlGaN/GaN-based devices.
I. INTRODUCTION
GaN-based metal/insulator/semiconductor heterostructure field effect transistors ͑MISHFETs͒ have recently attracted much attention. While keeping the merits of conventional Schottky-gate-based HFETs, i.e., a high density of two-dimensional electron gas ͑2DEG͒ at the AlGaN/GaN interface, high cutoff and maximum frequencies, and the thermal and chemical stability of AlGaN and GaN, MISHFETs offer many advantages over HFETs, such as lower gate leakage current, higher breakdown voltage, better thermal stability of the gate, mitigation of current collapse, a wider range of gate voltage sweep, and higher maximum drain current and output power. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] These features are crucial for applications in high-power, high-temperature electronics, 7, 17 particularly to realize low on-resistance and normally off highpower FETs. 15, 18 Although the standard high frequency capacitancevoltage ͑C-V͒ measurement at room temperature ͑RT͒ is usually done on metal/insulator/semiconductor heterostructure ͑MISH͒ capacitors and/or metal/semiconductor heterostructure ͑MSH͒ Schottky diodes before the fabrication and characterization of the MISHFET devices, the C-V data are often used only to estimate the thicknesses of the insulator film and/or the AlGaN layer 1, 4, 12, 16, 19 or to calculate the 2DEG density.
1, 20 Although some authors have claimed that the slope of the MISH C-V curve can be used as a measure of the electronic quality of the insulator/AlGaN interface, 4, 11, 13 this claim should be considered very carefully because the C-V slope in a metal/AlGaN/GaN structure depends on the quality of the AlGaN/GaN interface and other factors, 21 and there is no well known and tested procedure for the analysis of C-V curves from a metal/insulator/AlGaN/GaN structure to extract the state density at the insulator/AlGaN and AlGaN/GaN interfaces. Some other authors have stated that the shifts of the C-V curve and of the threshold voltage ͑V th ͒ with respect to theoretical values are related to the charge in the insulator and at the insulator/AlGaN interface. 6, 7, 12 The thermal stability of V th has also been proposed as a criterion for high quality insulator/AlGaN interfaces. 10 Surprisingly, little systematic experimental and theoretical study has been done on the high-temperature C-V behavior of MISH capacitors and MSH diodes considering the impact of the interface states. The C-V and deep level transient spectroscopy ͑DLTS͒ results of Mosca et al. 22 suggested that the influence of deep levels is crucial to gain an understanding of and improve the insulator/AlGaN interface. We stress, though, that C-V measurements done only at RT are far from sufficient to characterize wide bandgap GaN and AlGaN interfaces because of the extremely long time constants for electron emission from the deep states at RT ͑approximately 3 months for a level at 1 eV below the conduction band minimum in GaN͒ and an additional factor, such as higher temperature or light, is absolutely necessary to excite carriers from the deep levels. 2, [22] [23] [24] Therefore, in this work, we performed systematic calculations of theoretical C-V curves from SiN x / Al 0.25 Ga 0.75 N / GaN structures with various thicknesses of SiN x and the AlGaN layer, different densities, and distributions of the states at the SiN x / AlGaN interface at RT, 300°C, or 500°C, taking into account the low rate of electron emission from the deep levels. A parallel shift of the theoretical C-V curves instead of the expected change in their slope was found in the studied devices with a 25-nmthick AlGaN layer at RT and at 300°C when the SiN x / AlGaN interface state density D it ͑E͒ was increased. We attributed this behavior to the position of the Fermi level at the SiN x / AlGaN interface below the valence band maximum of AlGaN when the gate bias was near the threshold voltage and to insensitivity of the deep interface traps to the gate voltage due to a low emission rate. The typical stretch out of the theoretical C-V curve was obtained in a structure with a thin ͑5 nm͒ AlGaN layer at 300°C. We then compared the calculation results with experimental data from a SiN x / Al 2 O 3 / AlGaN/ GaN device and the Al 2 O 3 / AlGaN interface state density was determined for part of the AlGaN bandgap.
II. CALCULATION METHOD

A. Model structure and Poisson equation
To calculate a theoretical C-V curve from a metal/SiN x / AlGaN/ GaN structure, we solved a Poisson equation for the electric potential profile V͑x͒ using a onedimensional model of the structure ͑Fig. 1͒. In AlGaN and GaN layers, the Poisson equation has the following form:
where q is the elementary charge, S is the dielectric constant of the semiconductor, 0 is vacuum permittivity, and N D , n, and p are the concentrations of ionized donor dopants, electrons, and holes, respectively. In the insulator, Eq. ͑1͒ becomes the Laplace equation,
Boundary conditions at the contacts are the Dirichlet type, i.e., at the gate ͑x =0͒ V = V G − s / q + b / q, where V G is the gate voltage, s and b are the surface barrier height and a built-in potential ͑both in energy unit͒, respectively, 25 and V = 0 at the Ohmic contact. At the interfaces ͑SiN x / AlGaN and AlGaN/GaN͒, Neumann boundary conditions are imposed. For instance, at the insulator/AlGaN interface,
where I is the insulator dielectric constant, F =−dV / dx is the electric field intensity ͑subscripts S and I denote the semiconductor and the insulator, respectively͒, and Q it and Q fix are the sheet density of the interface trap charge and that of the interface fixed charge, respectively.
B. Interface state charge
As mentioned, because of the wide bandgap of GaN and AlGaN, the time constant of electron emission from the deep electronic states reaches very large values, particularly at RT. We can calculate the time constant for the trap level at energy E using the Shockley-Read-Hall model,
where N C , v, , E C , k, and T are the effective density of states in the conduction band, the thermal velocity of electrons, the capture cross section of the trap, the bottom of the conduction band, the Boltzmann constant, and temperature, respectively.
Under the assumption that all interface states are in the thermal equilibrium with the semiconductor, the charge in the interface traps is determined by the Fermi-Dirac distribution f͑E͒,
where E V is the top of the valence band and D it D ͑E͒ and D it A ͑E͒ are the energetic distribution of donorlike states and acceptorlike states, respectively. However, if the interface Fermi level ͑E F ͒ is lowered with respect to E C by the negative gate voltage ͑V G ͒ within time ͑t͒, which is much smaller than the time constant ͑͒, only some of the electrons ͑deter-mined by the emission efficiency͒ will be emitted from the interface traps. The emission efficiency is given by
͑6͒
Assuming that the interface states were in equilibrium at zero gate bias and the negative V G was then applied, the charge in the interface traps should be expressed by
͑7͒
where f 0 and f are the Fermi-Dirac function at zero bias and at the negative bias in question, respectively. It is easy to check that if e = 1, Eq. ͑7͒ is transformed to the classical formula ͓Eq. ͑5͔͒. We assumed here and in the further calculations that the measurement duration is of t = 100 s, which is a reasonable estimation for typical C-V measurements in the gate voltage range from 0 to -10 V with a sweeping rate of 100 mV/s. 
where D it max is the maximum density, E A,D is the energetic location of the level, and FWHM is the full width at half maximum of the Gaussian curve ͑subscripts A and D are used as previously͒. The donorlike discrete state at E D = E C − 0.37 eV, which is probably related to the N-vacancy defect, 30, 31 and the acceptorlike state at E A = E V + 1.0 eV, which is related to the Ga vacancy, 32, 33 were assumed ͓Fig. 3͑a͔͒. FWHM of 0.1 eV was set for both states.
The other kind of D it ͑E͒ is a U-shaped distribution in accordance with the disorder-induced gap state model 34 with donorlike states below the charge neutrality level E CNL and acceptorlike states above it. The density of the states reaches the minimum, denoted D it0 , at E CNL ͓Fig. 3͑b͔͒, and the full formula for D it ͑E͒ is
where E 0A , n A , E 0D , and n D describe the curvature of the acceptorlike branch ͑subscript A, E CNL Ͻ E Ͻ E C ͒ and the donorlike one ͑subscript "D", E V Ͻ E Ͻ E CNL ͒, respectively. Based on Ref. 35 , we estimated E CNL to be at E C − 1.1 eV in GaN and at E C − 1.6 eV in AlGaN.
C. Polarization charge
The piezoelectric polarization due to biaxial strain at the AlGaN/GaN interface is expressed by the following formula:
where a GaN and a AlGaN are the respective lattice constants of GaN and AlGaN, e 31 and e 33 are piezoelectric constants, and C 13 and C 33 are elastic constants. We can calculate the spontaneous polarization at the AlGaN/GaN interface from
where P sp ͑AlGaN͒ and P sp ͑GaN͒ are the spontaneous polarization in AlGaN and GaN, respectively. Finally, the polarization-related fixed charge at the AlGaN/GaN interface is 37 and C-V measurements by Garrido et al. 38 provided actual values of the electric field intensity at AlGaN/GaN interfaces as low as 50% of the theoretical predictions. More recent electroreflectance results reported by Kurtz et al. 39 and Winzer et al. 40 showed smaller ͑ϳ15%͒ discrepancies. Moreover, annealing during device processing can cause a partial relaxation of the interface strain and a decrease in the piezoelectric polarization. 41 Therefore, we adjusted Q fix to 9 ϫ 10 12 q / cm 2 in our calculations to set the threshold voltage at a value comparable to that observed in our experiments.
We assumed no fixed charge at the SiN x / AlGaN interface in accordance with the results of Maeda et al. 42 and the AlGaN/GaN interface was supposed to be free from bandgap states. Table I summarizes all parameters used in the computations. The parameter values for Al 0.25 Ga 0.75 N were calculated from linear approximations using values for GaN and AlN, except the bandgap for which the bowing was taken into account. The supposed band offset at the AlGaN/GaN interface was 70% of the bandgap discontinuity. 43, 44 The estimated influence of temperature on the band offset and the spontaneous and piezoelectric polarization at the Al 0.25 Ga 0.75 N / GaN interface 36, 41, 43, [45] [46] [47] [48] [49] is negligible in the first approximation. Quantum corrections to the C-V curves are also unnecessary in the studied case. 50, 51 
D. Numerical solution
The Poisson equation in the model structure was solved numerically by an elaborated computer program. First, the equation was linearized and transformed into a vector-matrix equation using the finite difference method, as proposed by Gummel, 52 for a nonuniform mesh and with appropriate boundary and interface conditions. During the computation of the electron density, the Fermi-Dirac integral was approximated analytically using the Aymerich-Humet formula. 53 We supposed that the holes, as minority carriers, could follow neither the small ac voltage superposed on the gate bias nor the gate voltage sweep ͑the deep depletion mode͒; thus, the hole concentration was determined only at zero bias. The high frequency mode was used for the interface states, i.e., the states were assumed to not follow the ac signal, but to follow the gate voltage sweep with the restriction imposed by Eq. ͑7͒.
The vector-matrix equation was repeatedly solved for the correction in the electric potential until the correction was below 10 −4 kT / q. After the equation was solved for the gate voltage V G and for V G + ⌬V G ͑⌬V G = 0.01 V͒, the differential capacitance C was computed. Figure 4 clearly shows that our model reproduces the characteristic shape of C-V curves from the MISH capaci- tors, namely, a nearly flat part between zero bias and the threshold voltage ͑V th ͒, a rapid change in the capacitance at V th , and a very small capacitance in the subthreshold region ͑below V th ͒. The capacitance for the gate voltage between zero and V th is determined by the total capacitance of the depleted AlGaN layer and SiN x and is almost biasindependent. The capacitance in the subthreshold region depends on the background doping in the GaN layer and the small increase in the capacitance near zero bias is due to electron accumulation in the AlGaN layer. The effect of increasing temperature on C-V from the MISH structure without interface states ͑Fig. 4͒ is similar to that in a MIS capacitor and manifests in a slight decrease of capacitance between V th and zero and in a reduction of the slope caused by the increased Debye length and the thermal broadening of the Fermi-Dirac distribution.
III. CALCULATION RESULTS
A. General behavior and impact of temperature on the ideal C-V curve
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B. Effect of discrete interface traps
In this section, we discuss the influence of the discrete interface traps ͓with Gaussian density distribution, D it ͑E͔͒ on the C-V curve of the MISH structure with a 5-nm-thick SiN x layer. As shown in Fig. 5 , the discrete states ͑both the donor one at E C − 0.3 eV and the acceptor one at E V + 1.0 eV͒ act like a fixed charge at the SiN x / AlGaN interface and only shift the C-V curve toward a more negative bias ͑the donor state͒ or toward zero ͑the acceptor state͒ with respect to the ideal characteristics. The shift is proportional to the density of states and does not depend on temperature up to at least 500°C. Although such behavior is a little surprising compared to the well known C-V curve stretch out caused by the interface states in a MIS structure, 27, 54 it can be explained since the relatively shallow donor state and the very deep acceptor state make it possible that the states are fully ionized throughout the studied gate bias range. This hypothesis was supported by calculations showing that if we assume an acceptor trap at E C − 0.37 eV or a donor trap at E V + 1.0 eV, the ideal C-V curve is not modified at all because the states are neutral in the studied bias range. The immunity of the shift to temperature can be explained using the concept of emission efficiency ͓ e ͑E͔͒ and Fig. 2͑b͒ . Namely, E D is above the step of the e ͑E͒ curve at RT and E A is below the step of the curve even at 500°C ͑E A = E V + 1.0 eVϷ E C −3 eV͒. Therefore, if the FWHM of the Gaussian D it ͑E͒ is not too large, the emission efficiency from the discrete states and, consequently, the C-V shift does not pronouncedly depend on temperature.
C. Effect of interface traps with a continuous distribution
Unexpectedly, the interface traps with the continuous U-shaped density distribution ͓Fig. 3͑b͔͒ also only shift the C-V curve without any change in its slope, as shown in Fig.  6 11 eV −1 cm −2 , the shifts of C-V curves are much smaller and would not be well presented in the figures. The band diagrams for D it0 from 0 to 10 13 eV −1 cm −2 and for V G = -5 V are similar ͑Fig. 7͒ and the key point, i.e., the position of Fermi level below E V at the SiN x / AlGaN interface, holds for all cases.͔ In contrast to that of the discrete states, the shift depends on temperature, but the temperature influence is also peculiar in that increasing D it has less impact on the C-V curve at higher temperatures ͓compare Figs. 6͑a͒ and 6͑b͔͒.
To explain this C-V behavior, we calculated the band diagram of the structure at a bias slightly above V th and the dependence of the charge in the SiN x / AlGaN interface states ͑Q it ͒ versus gate voltage ͑V͒. As shown in Figs. 7 and 8, two reasons account for the limited sensitivity of Q it to V. ͑1͒ When V approaches V th from zero bias, the Fermi level at the SiN x / AlGaN interface ͑E F ͒ is already below the top of the AlGaN valence band E V ͑Fig. 7͒, so the V-driven movement of E F in the AlGaN bandgap cannot change the occupation of the interface states and Q it . This is a fundamental limitation. ͑2͒ When E F is deeper and deeper in the AlGaN bandgap, the time constant of electron emission from the interface states close to E F increases ͓Eq. ͑4͒ and Fig. 2͑a͔͒ and the emission efficiency decreases ͓Eq. ͑6͒ and Fig. 2͑b͔͒ ; thus, Q it becomes less and less sensitive to V ͓this can be seen when analyzing Eq. ͑7͒ for e → 0͔. Eventually, for a certain value of V Ͼ V th , E F is below the step of the e ͑E͒ curve, and Q it saturates and does not depend on V anymore, as demonstrated in Fig. 8͑a͒ . This limitation can be mitigated by increasing temperature.
The interface-state-related stretch out of the high frequency C-V curve 27, 54 does not appear in the studied MISH structures because of the following:
͑1͒ At RT, the zero-bias E F at the SiN x / AlGaN interface ͑E F0 ͒ is below the step in the e ͑E͒ curve and the interface charge is completely frozen. That is, the occupied states, both acceptor and donor ones, below E F0 cannot emit electrons because of the long time constant, even when E F at the SiN x / AlGaN interface is lowered with respect to E C by the negative bias. The effect is demonstrated by the flat RT Q it ͑V͒ curve in Fig. 8͑a͒ and schematically in Fig. 8͑b͒ voltage-independent and although Q it is sensitive to V, the flat C-V curve cannot be stretched out ͑the slope is equal to zero so it cannot be lowered by the interface states͒ or, in other words, the stretch out is degenerated into a parallel shift of the C-V curve ͑Fig. 9͒. Moreover, the change in Q it is much lower than the 2DEG density, so the deformation of the C-V curve near a zero bias is small.
The described phenomena are of great importance in C-V analysis of metal/ /insulator/AlGaN/GaN devices because even if the C-V slope is close to the theoretical one for the ideal structure, the interface states can have quite a high density and be indistinguishable from a fixed charge. Moreover, if the intrinsic value of V th ͑the value for the insulator/ AlGaN interface without interface states and fixed charge͒ is not known, only the interface states lying between E F0 and the step in the e ͑E͒ dependence at the maximal measurement temperature can be analyzed by the C-V technique. ͓It seems to be possible to shift the upper limit of D it ͑E͒ scanning above E F0 by using a positive gate voltage, but this can cause an uncontrolled shift of the C-V curves, probably due to charge trapping. 22 ͔ The other states are inactive or act like a fixed charge. Therefore, evaluation of the insulator/AlGaN interface quality based only on RT C-V measurements of the MISH structure is inadequate because deeper states, which are frozen at RT, can manifest themselves at higher temperatures.
As can be deduced from the above analysis, the shift of V th in respect to its intrinsic position, ⌬V th , depends on the value of Q it when V reaches V th and on the geometrical capacitance of the insulator/AlGaN system ͑C I/AlGaN ͒, i.e.,
which is in agreement with the suggestion that ⌬V th is related to the charge at the insulator/AlGaN interface. 6, 7, 12 Nevertheless, Q it ͑V th ͒ and thus ⌬V th are complex functions of D it and temperature in the case of continuous D it ͑E͒.
As shown in Fig. 6͑a͒ , ⌬V th is positive in the studied structure and reaches about 0.6 V for D it0 =10 13 eV −1 cm −2 at RT. Surprisingly, ⌬V th is reduced to about 0.25 V at 300°C for the same value of D it0 ͓Fig. 6͑b͔͒. This effect is caused by the fact that the step of e ͑E͒ is closer to E CNL at 300°C than that at RT ͓Fig. 2͑b͔͒ and D it ͑E͒ decreases while E approaches E CNL , so the saturated Q it is smaller. Other calculations ͑not shown͒ suggest that the magnitude and even the sign of ⌬V th depend on the SiN x thickness, D it ͑E͒, and the position of E CNL . ͓Note that if the step in the e ͑E͒ curve is at E CNL , ⌬V th should be close to zero even if D it ͑E͒ is large.͔ Since the value of E CNL is not well known for AlGaN, quantitative analysis of C-V experimental data is very difficult.
On the other hand, the more important, from the practical point of view, temperature-induced shift of the C-V curve ͑with a slight decrease in the slope as described in Sec. III A͒ when D it ͑E͒ is fixed is systematic, as shown in Fig. 10 . The thermal shift is negative and its absolute value is larger if D it is higher. This is the direct consequence of the thermal movement of the step in e ͑E͒ toward E V ͓Fig. 2͑b͔͒, which enables deeper states to emit electrons so the value of Q it is more positive at the threshold. Hence, our analysis confirms that the thermal stability of V th can also be used as a criterion for high quality insulator/AlGaN interfaces. Analysis of the reasons for the peculiarity in the C-V characteristics of the MISH structure suggests that it should be possible to obtain the typical behavior by ͑1͒ setting E F at the SiN x / AlGaN interface above E V when the gate bias approaches the threshold voltage and ͑2͒ widening the energy range of the interface states effectively emitting electrons.
The first can be achieved by thinning the AlGaN layer and the second by increasing temperature. Therefore, we did computations for a SiN x ͑5 nm͒ / AlGaN͑5 nm͒ / GaN struc- 12͑b͒ shows that Q it is sensitive to V near V th . However, E F is quite far from E C , so the C-V behavior at RT is still peculiar. The calculations indicate that the AlGaN thickness is a more critical factor than that of SiN x regarding whether the stretch out is observed, e.g., it is present in SiN x ͑10 nm͒ / AlGaN͑5 nm͒ / GaN but not in SiN x ͑5 nm͒ / AlGaN͑10 nm͒ / GaN. This result is important for devices with an insulated recessed gate, which is promising for the fabrication of normally off MISHFETs.
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IV. COMPARISON TO EXPERIMENTAL RESULTS
A. Device fabrication
To test the theoretical model experimentally, we had MISH devices fabricated on an Al 0.25 Ga 0.75 N / GaN/sapphire wafer with a 25 nm modulation doped AlGaN layer provided by Matsushita Electric Industrial Co. Ltd. ͓Fig. 13͑a͔͒. Before processing, the sample was chemically cleaned in acetone, ethanol, and water, and then the native oxide was removed in a HF: H 2 O ͑1:5͒ solution. Next, the sample was exposed to nitrogen radicals in a molecular beam epitaxy ͑MBE͒ deposition chamber ͑the sample was kept at 300°C, the processing time was 10 min, and the radio frequency source power was 350 W͒. A 1 nm Al layer was then deposited on the sample, which was kept at RT, and the Al/AlGaN/ GaN system was annealed at 700°C for 10 min in the MBE chamber. This process produces a thin Al 2 O 3 layer and improves electronic and chemical properties of the AlGaN surface by reducing the amount of defects related to nitrogen vacancies and oxygen. 55 After this, the SiN x film was deposited by the electron cyclotron resonance chemical vapor deposition ͑ECR CVD͒ technique ͑the sample was at 260°C, the power was 100 W, and the deposition rate was about 10 nm/min͒ using SiH 4 and N 2 with a flow rate of 10 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, proceeded by 1 min of ECR CVD N 2 plasma treatment in the same chamber ͑the power was 50 W and the flow rate was 10 SCCM͒. We checked the thickness of the SiN x layer by ellipsometric measurements of Si control samples mounted close to the AlGaN/GaN one and confirmed that it was approximately equal to 20 nm. Ohmic Ti/Al/Ti/Au contacts were formed by photolithography, wet etching in a buffered HF solution, metal layer deposition, lift-off, and rapid thermal annealing in nitrogen at 800°C for 1 min. Finally, circular Al/Au gate contacts with diameters from 200 to 500 m were formed. FIG. 10 . Theoretical C-V curves calculated at RT and 300°C for the MISH structure with the interface state density distribution shown in Fig. 3͑b͒ 
B. Measurements and fitting to experimental data
We characterized the fabricated SiN x / Al 2 O 3 / AlGaN/ GaN devices by C-V measurements done at 100 kHz with an HP 4192A LF impedance analyzer. During the experiment, we kept the sample at RT or 300°C in an evacuated chamber with an MMR K-20 programable temperature controller. The temperature was changed at a maximum rate of 10°C / min. No thermal degradation of the devices was observed after the high-temperature C-V measurements. To estimate the effects that the fixed charge in SiN x and the gate metal barrier height had on the C-V curves, we measured and analyzed a SiN x / Si MIS structure.
The experimental C-V characteristics for a voltage sweep from 0 to -15 V are shown in Fig. 13͑b͒ ͑circles and squares͒ together with fitted theoretical curves ͑lines͒. The hysteresis loop widths were 0.15 and 0.5 V at RT and 300°C, respectively. To adjust the C-V slope in the threshold region, we assumed the U-shaped D it ͑E͒ at the AlGaN/ GaN interface with D it0 =10 11 eV −1 cm −2 and with a shape similar to that in Fig. 3͑b͒ . The background doping in GaN and the fixed charge at the AlGaN/GaN interface were fitted to be 4 ϫ 10 14 cm −3 and 8.5ϫ 10 12 q / cm 2 , respectively. The capacitance between zero gate bias and V th is in good agreement with the geometrical capacitance of a SiN x ͑20 nm͒ / Al 2 O 3 ͑1 nm͒ / AlGaN͑25 nm͒ system.
To fit the thermal shift of C-V curves, the continuous D it ͑E͒ was assumed at the Al 2 O 3 / AlGaN interface as in Fig.  13͑c͒ . Good fitting ͓Fig. 13͑b͔͒ was obtained for D it0 =10 11 eV −1 cm −2 . The deviation of the theoretical line from the experimental data at RT for the gate voltage between -11 and -10.3 V can be caused by a non-U-shaped D it ͑E͒ or some bulk levels in the actual MISH structure. The low value of D it0 should be interpreted carefully taking into account that the thermal C-V shift is related only to the interface FIG. 12 . ͑a͒ Band diagram of a MISH capacitor like that in Fig. 11͑a͒ calculated at a bias slightly above the threshold voltage at 300°C. The SiN x / AlGaN interface state density distribution was assumed to be like that in Fig. 3͑b͒ with D it0 =5ϫ 10 12 eV −1 cm −2 . ͑b͒ Dependence of the SiN x / AlGaN interface state charge ͑Q it ͒ vs gate bias related to the dashed C-V curve from Fig. 11͑b͒ . The region of capacitance sensitivity to gate bias is marked as in Fig. 11͑b͒ states between E F0 at RT and the step in the e ͑E͒ curve at 300°C ͓Fig. 2͑b͔͒, i.e., E C − 0.25 eV and E C − 1.6 eV, respectively ͓the bold part of the D it ͑E͒ curve in Fig. 13͑c͔͒ . Thus, the density of the interface states outside of this energetic interval was not determined. Nevertheless, the good thermal stability indicates the high electronic and chemical quality of SiN x / Al 2 O 3 / AlGaN system.
V. CONCLUSION
We performed systematic calculations and analysis of theoretical C-V curves from SiN x / Al 0.25 Ga 0.75 N / GaN structures with various SiN x and AlGaN layer thicknesses, different densities, and distributions of states at the SiN x / AlGaN interface, D it ͑E͒, at RT, 300°C, and 500°C, taking into account the low rate of electron emission from deep interface traps. We found and explained an unusual influence of the electronic states at the SiN x / AlGaN interface on C-V curves at RT and 300°C, i.e., a shift instead of a stretch out. The interface-state-related shift of the threshold voltage V th is a complicated function of the magnitude and the shape of the energetic distribution of the state density and temperature. On the other hand, the thermal shift of V th when D it ͑E͒ is fixed is systematic and at least semiquantitative analysis of experimental C-V data is possible, although the studied energetic interval of D it ͑E͒ is limited. After the analysis of the C-V peculiarity, we obtained the typical C-V curve stretch out in a structure with a 5-nm-thick AlGaN layer at 300°C.
We compared the calculation results to experimental data from a SiN x / Al 2 O 3 / AlGaN/ GaN device. The good thermal stability of the MISH capacitor indicated a low density of states ͑10
11 eV −1 cm −2 at the minimum͒ at the Al 2 O 3 / AlGaN interface and showed that a SiN x / Al 2 O 3 bilayer is promising for use as a gate insulator and as a passivating film for AlGaN/GaN-based MISH devices applied in high-temperature, high-power electronics. 
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